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 ABSTRACT 
Estimating the Age of a Bloodstain using Mitochondrial rRNA 
Jordan Flesher 
DNA evidence is considered the gold standard of evidence in forensic investigations. 
DNA is one of the most highly discriminatory pieces of evidence found at crime scenes and can 
link individuals to scenes. It is not relied on to perform temporal estimates to help establish a 
timeline for when a crime took place. Previous studies have shown that measurement of the 
degradation of RNA is a potential tool to establish a temporal estimate of when a blood sample 
was left at a crime scene. This experiment attempts to improve on previous RNA degradation 
studies by evaluating the validity of mitochondrial ribosomal RNA and quantitative PCR as 
method of age determination of a bloodstain. This approach was unsuccessful in estimating the 
age of a bloodstain due to the lack of consistent degradation as samples aged. The expected 
starting ratio of mitochondrial ribosomal RNA was also found to be inconsistent. While this 
approach was unsuccessful, it provides insights that may allow for further refinement of this 
assay to estimate the age of a bloodstain.  
 iii 
ACKNOWLEDGEMENTS 
 
 I would first like to thank my research advisor, Dr. Clif Bishop, for starting this project 
and guiding me through all of the trials that novel research brings. You showed confidence in my 
abilities that allowed me to develop my own confidence to become an independent researcher 
and forensic scientist, for which I thank you. Without your endless wisdom and storytelling, this 
work would not have been possible. I would like to thank previous members of the Bishop 
laboratory for laying the groundwork for this project. I would like to thank my former lab mate 
Kalee Crampton in particular, for teaching me how to handle myself in the laboratory and for 
teaching me the skills I would need to be a successful performing this research and for inspiring 
me to strive to be the best scientist I can. A huge thank you to Dr. Timothy Driscoll for his 
insights into how to analyze my data to find meaningful conclusions. Thank you to Dr. Stephanie 
Young for not only being on my committee, but for inspiring me as the first biology professor I 
had at WVU. Through six years, your positive attitude and scientific insights have helped fuel 
this research and my passion for biology.  
 Thank you to the West Virginia Department of Biology as a whole for allowing me this 
opportunity to better myself as a scientist. To the friends I have made, thank you for welcoming 
me to the department and for helping keep me grounded through the past two years. 
 Finally, thank you to my roommate Sam, my brother Evan, my parents, and all of my 
friends who ever listened to me talk about my research. In time of troubles and success, you were 
always there to support me, for which I a forever grateful.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv 
TABLE OF CONTENTS 
 
Title Page ………………………………………………………………………………………..i 
 
Abstract …………………………………………………………………………..…..………....ii 
 
Acknowledgments …………………………………………………………..…….……….…...iii 
 
Table of Contents ………………………………………………………………………………iv 
 
List of Figures ………………………………………………………………………...……...…v 
 
List of Tables ………………………………………………………………………..………….vi 
 
Introduction ……………………………………………………………………..….………….1 
 
Methods …………………………………………………………………….…..….…..…..…...4 
 
Results …………………………………………………………………………….………..…...9 
 
Discussion ……………………………………………………………………………….……...14 
 
Bibliography ……………………………………………………………………..……... .…….18 
 
Supplementary Figures ………………………………………………………………………..20 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 v 
LIST OF FIGURES 
 
Figure 1 – Human Mitochondrial Genome ……………………………………………….………3  
Figure 2 – ANOVA – Reaction Efficiency Differences…...……………………………...….….10 
Figure 3 – Tukey-Kramer – Reaction Efficiency Differences………………….………..………11 
Figure 4 – ANOVA – Fresh/Aged Ratio Significance………………………….……….………13 
Figure 5 – Tukey-Kramer – Threshold and Level Report: Fresh/Aged Ratios …………………14 
Supplemental Figure 1 – Tukey-Kramer Fresh/Aged Ratios: Ordered Differences Report …….21 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vi 
LIST OF TABLES 
 
Table 1 – Primer Sequences………………………………………………………………….…5 
Table 2 – Quantitative PCR Reaction Setup……………………………………………………7 
Table 3 – Fresh Blood 16S/12S Copy Number Ratio …………………………………………12 
Supplemental Table 1 – Amplification Data: Quantitative PCR Reaction Optimization …..…20 
Supplemental Table 2 – Amplification Data: Serial Dilutions During Aged Analyses ……….22 
Supplemental Table 3 – Amplification Data: Aged Samples, Copy Number Determination….23 
 
 
 
 1 
 
INTRODUCTION 
 
 Forensic science takes advantage of a broad scope of fields to conduct criminal 
investigations. Forensic biology has holds some of the most discriminatory and consistent 
evidence through the use of DNA fingerprinting. The identification of short tandem repeats 
provides an answer to the question “who?”, while information answering the questions “what?”, 
“why?”, “how?”, and “where?” generally comes as an investigation proceeds. The question of 
“when?” is often a difficult but crucial one to answer, as establishing a timeframe can dictate the 
direction investigators take with their leads. Some scenes may contain a wide range of biological 
samples, not all of which are relevant to the investigation. Excluding irrelevant samples will help 
save valuable time and resources that can be better distributed.  
 Techniques to establish a biological method of determining an age of a biological sample 
have yet to be perfected. Many early estimation methods were unreliable or lacked long-term 
viability. Changes in the color of bloodstains was one of the earliest attempts to provide a 
measurement of bloodstain age (1). Measuring the decay of hemoglobin bound to oxygen using 
oxygen electrodes was unable to provide an estimate beyond 24 hours (2). The use of 
spectroscopy introduced a method that was able to measure the level of hemoglobin to predict 
bloodstain age with a wide margin for error (3). As stains aged, the predicted age became harder 
to estimate, where 3 day old stains were measured anywhere between 1.5 and 6 days, while 35 
day old stains were measured anywhere between 25 and 55 days.  
 The degradation of RNA has been shown to be a viable method of age determination. The 
Bishop lab established that comparison of the degradation of the transcripts of the 
“housekeeping” genes beta-actin and 18S rRNA using quantitative PCR can be used to estimate 
the age of a bloodstain (4, 5). By establishing a changing ratio between two transcript levels as 
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time progresses, samples can be analyzed for age estimation regardless of sample size.  The use 
of RNA transcripts also allows this method to be applied to biological samples beyond 
bloodstains, increasing the potential uses for criminal investigations.  
 Analysis of the degradation of beta-actin versus 18S rRNA showed that the ribosomal 
RNA was more stable than the messenger RNA, potentially due to the rRNA’s incorporation into 
the ribosomal complex (5, 6). Eukaryotes contain 4 nuclear rRNAs that could be used for long-
term degradation studies (7). They also possess transcripts for two mitochondrial rRNAs, 16S 
and 12S (8). The mitochondrial genome is separated into two unique strands, the H-strand and 
the L-strand, both of which are transcribed separately (8–10). Transcription of both the H-strand 
and L-strand results in the creation of long, polycistronic transcripts that are processed into the 
necessary RNA molecules (11). Both strands possess transcription start sites that result in 
transcription of the entirety of the respective strands (12, 13). The H-strand possesses a second 
transcription initiation site that results in transcription of only the mitochondrial ribosomal RNAs 
alongside a couple of tRNAs (8, 9) (Figure 1).  
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Figure 1 – Representation of the human mitochondrial genome. Initiation of transcription of the 
H strand begins at sites ITH1 and ITH2. mtTERM terminates transcription of the H-strand that 
initiates at ITH1. Transcription results in polycistronic strands that are later spliced into separate 
genes (8).  
The nature of the mitochondrial genome’s transcription should result in a nearly identical 
quantity of transcripts of both the 16S and 12S rRNA species in fresh biological samples. This 
phenomenon, combined with the increased stability of ribosomal RNA compared to messenger 
RNA, makes the mitochondrial rRNA transcripts ideal candidates for a long-term RNA 
degradation age estimation study. Quantitative PCR has been used to determine the amount of 
specific RNA species present in a sample through reverse transcription (4, 5). The use of qPCR 
allows for adjustments of the size of the amplicon through primer design. Larger amplicons 
degrade more rapidly than smaller amplicons, setting up an expectation for the signal from a 
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larger amplicon in qPCR to disappear quicker than the smaller amplicon (5). This requires 
changes in the concentration of the primers for each target to ensure an efficient reaction, as 
preferential amplification of the smaller amplicon can occur. A previous attempt to estimate the 
age of a bloodstain in the Bishop laboratory used a new technology called Droplet Digital PCR 
to remove the lengthy optimization process required by Quantitative PCR. The Droplet Digital 
PCR (ddPCR) experiment attempted to compare 18S rRNA to beta-actin mRNA with mixed 
results. One of the primary issues was a large discrepancy in starting quantity of 18S to beta-
actin that made it difficult to compare these targets. The use of the two mitochondrial ribosomal 
genes should avoid this potential issue.  
 Mitochondrial rRNA may provide a long-term method of estimating the age of a 
bloodstain. Here we aim to create a qPCR assay that can be used to estimate the age of a 
bloodstain using mitochondrial rRNA by comparing a large amplicon of 16S rRNA and a small 
amplicon of 12S rRNA.  
 
METHODS 
Experimental Overview 
  
 This study aims to compare a large versus small amplicon between 16S and 12S 
mitochondrial rRNA. These transcripts were chosen due to their theoretical identical quantity in 
fresh blood. The primer sets were designed using Primer3 Plus primer design software and 
checked for specificity using primer blast software available through the National Center for 
Biotechnology Information (NCBI). All primers were synthesized by Integrated DNA 
Technologies (IDT). Quantitative PCR requires the use of fluorescent probes with unique dyes 
for each target. qPCR probes were hand-designed by identifying potential sequences between the 
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16S and 12S primer sets on the MT-RNR1 (12S) and MT-RNR2 (16S) genes following 
guidelines recommended by IDT.  
 
Table 1 – Primer sequences used for mitochondrial rRNA degradation analysis.  
Name Gene Amplicon Size Primer Sequences 
16S 4.2 16S mitochondrial rRNA 
MT-RNR2 
297 FP: 5’ – TCA AGC TCA ACA CCC ACT 
AC – 3’ 
RP: 5’ – GTA AAC AGG CGG GGT AAG 
AT – 3’ 
12S 4.1 12S mitochondrial rRNA 
MT-RNR1 
93 FP: 5’ – TCG ATA AAC CCC GAT CAA 
CC – 3’ 
RP: 5’ – CTT GCG CTT ACT TTG TAG 
CC – 3’ 
 
 Optimization of this reaction was performed through empirical analysis. A dilution series 
(1, 1:10, 1:100, 1:1000, and 1:10000) was created using fresh blood cDNA to determine reaction 
efficiency and establish a positive control for aged blood samples. Melt curves and gel 
electrophoresis tests were performed on both primers sets to assess off-target amplification. 
Multiplex reactions were performed on the same template to establish a consistent ratio between 
both targets. Primer concentrations, probe concentrations, PCR step temperatures and PCR step 
lengths were adjusted with each trial based on the amplification efficiency calculated by ABI’s 
7500 Real-Time Fast PCR system to find an appropriate ratio between reagents and run method 
that resulted in an efficient reaction.  
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Sample Collection  
 
 10 μL aliquots of blood from a male donor were spotted on cotton cloth. The blood was 
allowed to age, and RNA was isolated from 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 and 31-week old 
blood. The blood spots on cotton cloth was kept in the laboratory at room temperature for the 
duration of the aging process. 
 
 
 
RNA Isolation 
 
 200 μL of H2O, 3 μL of polyarcyl carrier kept at 4° C, and 750 μL of RNAzol BD 
(Molecular Research Center) were added to a cut-out spot of aged blood. The sample was 
vortexed and incubated for 10 minutes in a hot water bath at 50° C. 100 μL of 1-bromo-3-
chloropropane was then added, and the sample was again vortexed. After vortexing, the sample 
was incubated for 3 minutes at room temperature before being centrifuged at room temperature 
at 10,300 rpm for 15 minutes. The aqueous layer of the sample was transferred to a new RNase 
free tube. 500 μL of isoproponal kept at 4° C was added to the aqueous layer and inverted twice 
before incubating at room temperature for 7 minutes. Following incubation, the sample was 
centrifuged at 10,300 rpm for 8 minutes. The supernatant was discarded, and the remaining RNA 
pellet was washed by addition of 1 mL of 75% ethanol, vortexing, and centrifugation at 10,300 
rpm for 5 minutes. The wash step was repeated, and the RNA pellet was allowed to dry at room 
temperature for 5 minutes. 20 μL of RNase free H2O were added to the pellet and then incubated 
for 10 minutes at 55° C.  
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cDNA Synthesis 
 
 cDNA synthesis was performed on RNA samples using random hexamers immediately 
following isolation via the iScript™ Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad) 
according to the manufacturer’s instructions. 5 μL of input RNA was added to each reaction.  
 
Quantitative PCR – Reaction Optimization 
 
 Samples were prepared at a volume of 20 μL using Taqman™ Universal PCR Master 
Mix (Applied Biosystems). Primer concentrations, probe concentrations, cycle temperatures and 
cycle times were adjusted using empirical data on a dilution series of fresh blood cDNA until an 
efficient reaction occurred based on recommendations by ThermoFisher Scientific (14). 
Quantitative PCR was performed using Applied Biosystems 7500 Fast Real-Time PCR System. 
Final run temperatures and times are as follows: a 95° C (10:00 min:sec) holding stage, 40 cycles 
of 95°C (00:45 min:sec) to 58°C (01:00 min:sec) to 72°C (01:00 min:sec), followed by a final 
holding stage at 50°C (2:00 min:sec). These cycling conditions, as well as the primer and probe 
concentrations described in Table 2, were repeated through four trials of four technical replicates 
of a serial dilution of fresh blood cDNA diluted 1:1, 1:10, 1:100, 1:1000, and 1:10000 to ensure 
efficient amplification of each target was replicable (Supplemental Table 1).  
 
Table 2 – Quantitative PCR Reaction Setup for a 20 μL reaction. Primer and probe 
concentrations were determined through empirical trials resulting in an efficient reaction.  
Reaction Component Component Concentration 
(nM) 
Component Volumes 
(μL) 
FAM probe (16S) 250 0.5 
Cy5 probe (12S) 250 0.5 
16S Forward Primer 4.2 600 1.2 
16S Reverse Primer 4.2 600 1.2 
12S Forward Primer 4.1 100 0.4 
12S Forward Primer 4.1 100 0.4 
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Taqman™ Universal Master Mix - 10 
Nuclease Free H2O - 3.8 
cDNA - 2 
 
 
Quantitative PCR – Ratio of 16S to 12S rRNA in Fresh and Aged Blood 
Amplification efficiency of both targets was determined using Applied Biosystems 7500 
Fast 7500 Real-Time PCR System software, which calculated the efficiency of the reaction based 
on qPCR of a serial dilution of fresh blood cDNA of 1:1, 1:10, 1:100, 1:1000, and 1:10000 for 
both the 16S and 12S targets performed during aged analysis. Three aged analyses were 
performed. Two of these analyses measured two technical replicates of each aged sample for a 
total of four data points for each sample. The third aged analysis measured two additional 
technical replicates of samples aged 7 and 8 weeks for a total of 6 data points. Four technical 
replicates of a fresh blood serial dilution (1:1, 1:10, 1:100, 1:1000, 1:10000) were used to 
measure amplification efficiency of both targets during each aged sample analysis. Each 1:1 
replicate of the serial dilution was used to determine the starting ratio of 16S to 12S in fresh 
blood.  
Copy Number Calculation 
 Ct values are inversely proportional to the log10 of the starting material in a qPCR 
reaction. This relationship is linear in nature and, using the amplification efficiency determined 
from each replicate’s serial dilution, was used to determine a starting copy number for each fresh 
blood and aged sample to provide a direct comparison of the ratio of 16S/12S rRNA in fresh 
blood versus aged blood (Supplemental Table 3). Fresh blood sample copy numbers were 
calculated using the Ct values of the 1:1 dilution used in establishing aged sample amplification 
efficiency. 
 
 9 
 
Data Analysis 
  
 Copy numbers of the undiluted (1:1) fresh blood cDNA of the serial dilutions were used 
as a fresh blood sample to determine the starting ratio of 16S to 12S rRNA in fresh blood 
samples. The amplification efficiency, determined using the serial dilutions performed during 
each aged analysis, was used to determine the copy number of both targets for samples at every 
aged time point via Excel. Using JMP, an ANOVA was performed to determine if significant 
differences were seen in the copy number ratio of 16S to 12S in fresh blood and aged blood, with 
a Tukey-Kramer HSD post-hoc test to determine significance between sample ages.  
 
 
RESULTS 
 
Reaction Optimization 
 100% amplification efficiency, or perfect amplification, is represented by a value of 2 
according to ThermoFisher Scientific (14). Amplification of the 16S target occurred with an 
average amplification efficiency of 1.99 (SD=0.113), while amplification of the 12S target 
occurred with an average amplification efficiency of 1.89 (SD=0.056) (Supplemental Table 1).  
 
Fresh and Aged Sample Reaction Efficiency 
 Each aged and fresh sample analysis included 4 technical replicates of a serial dilution of 
fresh blood cDNA samples diluted 1:1, 1:10, 1:100, 1:1000, and 1:10000 to determine aged 
samples experienced amplification consistent with the optimized reaction. An ANOVA and 
Tukey-Kramer HSD post-hoc test was used to determine no significant differences were seen 
between the positive control optimization reactions and their relevant fresh/aged blood 
amplification efficiencies during aged analysis for each target (F=3.6941, p=0.0505) 
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(Supplemental Table 2). A significant difference was seen between the positive control 12S 
amplification efficiency and the fresh/aged blood 16S amplification efficiency (p=0.0341), 
though these samples were not directly compared and should have no impact on the analysis as a 
whole.  
 
Figure 2 – ANOVA results comparing amplification efficiencies of control 16S and 12S targets 
optimizing the qPCR reaction and 16S and 12S targets from serial dilutions during aged 
analyses. 
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Figure 3 – Tukey-Kramer HSD post-hoc test determining significance between control 16S and 
12S targets optimizing the qPCR reaction and 16S and 12S targets from serial dilutions during 
aged analyses. A significant difference was seen between control samples optimizing the 
reaction of the 12S target and the serial dilution used for control comparisons of aged samples. 
 
Average Ratio of 16S to 12S in Fresh Blood 
The ratio of 16S rRNA to 12S rRNA was determined by determining the copy number of 
the 1:1 sample of each serial dilution from aged sample. Copy numbers for each sample were 
determined through the equation copy number=10(y-int – Ct)/slope, where the y-intercept and slope 
were determined by the serial dilution performed for each target during aged analysis 
(Supplemental Table 2). The average ratio was determined to be 1.252 16S to 12S molecules of 
rRNA (SD=0.186, SE=0.054) (Table 3).  
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Table 3 – Calculation of 16S/12S copy number ratio in fresh blood via Excel. Copy numbers for 
each target were calculated using the equation copy number=10(y-int – Ct)/slope. Slopes and y-
intercepts are from the linear equation associated with each aged analyses’ serial dilution, which 
were determined using ABI 7500 Fast Real-Time PCR System software. The Ct values used to 
determine the slopes and y-intercepts used can be found in Supplemental Table 2. The average 
starting ratio of 16S/12S rRNA in fresh blood was determined to be 1.252. 
Tech. Rep.-
Aged 
Analysis # 16S 12S Slope 16S y-Int 16S Slope 12S y-Int 12S 16S CN 12S CN 16S/12S ratio
1-1 16.97501 16.99867 -2.86132 32.744 -3.34021 34.9695 324408.6 239962.9 1.351911
2-1 17.17392 16.99506 -2.86132 32.744 -3.34021 34.9695 276425.1 240560.6 1.149087
3-1 17.22577 17.02636 -2.86132 32.744 -3.34021 34.9695 265127.9 235426.1 1.126162
4-1 17.38005 17.18313 -2.86132 32.744 -3.34021 34.9695 234172 211309.5 1.108194
1-2 17.44598 15.88002 -3.05098 33.505 -3.32513 33.0752 183468.4 148347.3 1.23675
2-2 17.84613 16.20632 -3.05098 33.505 -3.32513 33.0752 135645.7 118344.4 1.146194
3-2 17.7049 16.13022 -3.05098 33.505 -3.32513 33.0752 150903.2 124748 1.209665
4-2 17.94646 16.12351 -3.05098 33.505 -3.32513 33.0752 125753.7 125329.6 1.003384
1-3 19.37542 15.54675 -2.85581 35.54875 -3.18163 32.8495 460573.9 274366.7 1.67868
2-3 19.67572 15.73448 -2.85581 35.54875 -3.18163 32.8495 361530.1 239512.7 1.509441
3-3 19.95424 15.81734 -2.85581 35.54875 -3.18163 32.8495 288814 225572 1.280363
4-3 19.97165 15.77283 -2.85581 35.54875 -3.18163 32.8495 284789 232956.5 1.222498
Average 18.22294 16.28456 257634.3 201369.7 1.251861
Stdev 1.165692 0.596893 99211.76 55602.88 0.186383
SE 0.336506 0.172308 28639.97 16051.17 0.053804  
 
Analysis of Aged Blood 
 A one-way analysis of variance (ANOVA) determined that the age of a bloodstain had a 
significant effect on the ratio of 16S to 12S mitochondrial rRNA based on copy number (Fig. 4, 
Supplemental Table 3) (F=1.9754, p=0.0470). A Tukey-Kramer HSD post-hoc test determined 
no sample was significantly different from another sample (Fig. 5, Supplemental Figure 1).  
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Figure 4 – One-way analysis of variance of the ratio of starting material of 16S/12S for each 
sample of fresh (age 0) and aged blood with Tukey-Kramer HSD post-hoc test performed in 
JMP. Green diamonds represent upper and lower 95% of means. A significant difference was 
seen between samples (F=1.9754, p=0.0470). 
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Figure 5 – Tukey-Kramer HSD post-hoc test comparing significance of means of groups 
generated via JMP. No sample was significantly distinguishable from another.  
  
 
DISCUSSION 
 
 The results presented indicate that a comparison of the degradation of human 
mitochondrial ribosomal RNA using the above approach is not an ideal method for estimating 
the age of a bloodstain. The use of mitochondrial ribosomal RNA was expected to establish a 
consistently similar starting ratio of 16S to 12S rRNA. As time progressed, the 16S rRNA was 
expected to degrade quicker than the 12S rRNA, resulting in a lower ratio of 16S rRNA 
compared to the 12S rRNA in aged samples. Statistical analysis determined that while the age of 
a bloodstain may impact the ratio of 16S to 12S rRNA, samples aged 0-12 weeks are unable to 
be distinguished from one another. 
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 One of the biggest factors impacting the current analysis may be a lack of a sufficient 
sample size. It is unusual that an ANOVA is able to determine a significant difference is present 
between the ratios of 16S to 12S in different ages, but the Tukey-Kramer post-hoc test is unable 
to find significance between individual age comparisons. One of the more likely scenarios is that 
ANOVA is mistakenly identifying significant variability in the population of samples as a whole. 
An increase in replication and addition of samples for each age group may correct this anomaly. 
 A biological explanation for this may indicate that 16S rRNA does not degrade rapidly or 
consistently enough to be used in an aging study for a time frame of less than 12 weeks, despite 
claims that mammalian mitochondrial ribosomal RNA having a half-life of approximately 3 
hours (15). This same study, as well as Anderson et al., does suggest that the portion of rRNA 
that is incorporated into a protective protein structure increases longevity of the rRNA species (4, 
15). A difference in the amount of free 16S or 12S rRNA in a sample may be a factor in the 
inconsistent degradation of aged samples. 
  A second possibility that explains the lack of separation in degradation between 16S and 
12S may be the amplicon size of the PCR products. The experiment by Anderson et al. 
hypothesized that larger amplicons in disappear quicker than their shorter counterparts. It is 
possible that the difference in amplicon size in this experiment was not significant enough to 
result in notable separation between the larger 16S and smaller 12S samples, meaning 
degradation of the 16S sample did not occur quickly enough to produce significant differences as 
time progressed. Increasing the size of the 16S amplicon to be proportionally larger than the 12S 
amplicon compared to this experiment may result in a more observable difference as time 
progresses.  
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 The starting ratio of 16S to 12S rRNA in fresh blood may also play a role in the 
inconsistencies shown during this experiment. The 16S target was found to be present at an 
average of 1.252 copies per 12S copy in fresh blood, which refutes the original hypothesis that 
they would be found in nearly identical amounts, though it is not a drastic difference. In addition 
to this, the standard deviation was found to be 0.186 with a standard error of 0.0538. When 
comparing pure numbers, an increase or decrease in ratio by 0.186 is a large change in copies of 
one target. An inconsistency of this size may make measuring samples for degradation difficult, 
as aged samples may exhibit consistent degradation, but start with a much higher ratio of 16S to 
12S than the expected 1.252 that may mask any degradation. Part of this discrepancy may be due 
to the various steps that occur from isolating the RNA, performing reverse transcription, and 
setting up various PCR reactions impacting the quantity of either 16S or 12S by the final 
product, skewing the ratio in fresh blood as well as aged samples. RNA was also not quantified 
prior to performing reverse transcription and qPCR, which may have resulted in inconsistent 
starting quantities due to experimental error.  
 While quantitative PCR has been shown to be a viable method for estimation of a blood 
stain (4, 5), the use of the two mitochondrial rRNA species does not appear to be a usable 
method based off the current incarnation of this project, though increasing the number of 
samples studied using this method may provide a more definitive answer surrounding the 
viability of this approach. Quantification of starting RNA post-isolation may improve 
consistency in this experimental process, setting a more consistent baseline to compare to the 
quantity of amplified cDNA.  Increasing the length of the amplicon of one PCR target may be a 
potential fix for the situation where one rRNA species does not degrade quick enough, but this 
does not change the inconsistency of the current ratio of 16S to 12S rRNA. An investigation into 
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establishing a more consistent ratio, if it exists, should be performed before revisiting the 
viability of this method for blood stain age estimation. The Bishop lab previously investigated 
the use of droplet digital PCR, a relatively new PCR technology, for the use of estimating the age 
of a bloodstain. One study attempted to observe the ratio of the gene Beta-actin to the nuclear 
ribosomal RNA 18S but determined that the 18S rRNA was present in too high a copy number to 
usably compare to the level of Beta-actin. Continuing to assume the 16S and 12S mitochondrial 
ribosomal RNA species that are transcribed together do not have too significant a discrepancy, 
droplet digital PCR may be a tool that can be used to further evaluate the starting ratio of 16S to 
12S through measuring the absolute quantification of the RNA species post reverse-transcription 
(16). 
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SUPPLEMENTAL FIGURES 
 
Supplemental Table 1 – Reaction optimization data. Ct values for 4 serial dilution trials of 4 
technical replicates are listed next to each dilution type (Standard = 1:1 dilution). The slope and 
y-intercept were calculated using ABI 7500 Real-Time Fast PCR System software, while 
amplification efficiency (amp. eff.) was determined by through the equation amp. eff. = 101/-slope. 
Perfect amplification efficiency, according to ThermoFisher Scientific, has a value of 2. The 16S 
target was found to have an average amplification efficiency of 1.989, while the 12S target has 
an average amplification efficiency of 1.879. 
 
Rep 1 Rep 2 Rep 3 Rep 4 Average Rep 1 Rep 2 Rep 3 Rep 4 AverageP. 
control 
1 16S Standard 19.135 19.379 19.355 20.832 19.6753
P. 
control 
1 12S Standard 15.7129 15.848 15.841 17.423 16.206
1:10 23.897 23.576 23.577 23.68 23.6827 1:10 20.2782 20.179 20.248 20.145 20.213
1;100 27.853 28.299 28.264 28.169 28.1461 1;100 25.4136 26.755 25.885 25.486 25.885
1;1000 30.342 30.443 30.581 30.276 30.4105 1;1000 27.8963 28.168 28.021 27.761 27.962
1;10000 32.602 33.031 33.952 33.245 33.2074 1;10000 30.9725 32.148 31.983 32.042 31.786
slope -3.3792 slope -3.8909
amp eff. 1.9766 amp eff. 1.80722
y-int 37.162 y-int 36.083P. 
control 
2 16S Standard x 17.059 16.415 17.215 16.8965
P. 
control 
2 12S Standard x 13.558 13.252 13.883 13.564
1:10 x 20.346 x 21.802 21.0742 1:10 x 17.197 17.248 17.223
1;100 24.402 x 24.384 25.036 24.6076 1;100 21.7449 x 20.744 21.35 21.28
1;1000 x 26.19 26.409 26.956 26.5184 1;1000 x 23.328 23.221 23.173 23.241
1;10000 x 30.002 31.97 30.743 30.9051 1;10000 x 27.595 27.853 28.977 28.142
slope -3.3461 slope -3.5173
amp eff. 1.99 amp eff. 1.92446
y-int 34.039 y-int 31.242P. 
control 
3 16S Standard 18.195 18.496 18.651 18.631 18.4932
P. 
control 
3 12S Standard 16.5975 16.72 16.653 16.594 16.641
1:10 24.965 24.874 25 24.867 24.9266 1:10 23.0858 22.714 22.741 22.597 22.784
1;100 27.126 27.604 28.989 29.243 28.2405 1;100 24.9075 25.672 26.797 27.153 26.132
1;1000 29.226 29.3 29.732 29.68 29.4847 1;1000 27.4055 27.655 27.88 27.923 27.716
1;10000 34.516 34.731 34.188 35.802 34.8094 1;10000 32.7675 32.962 32.525 32.588 32.71
slope -3.719 slope -3.707
amp eff. 1.8573 amp eff. 1.86106
y-int 38.348 y-int 36.318P. 
control 
4 16S Standard 18.899 18.694 18.838 18.8104
P. 
control 
4 12S Standard 15.83 15.58 15.803 15.738
1:10 22.717 21.812 20.989 22.228 21.9366 1:10 19.868 19.002 18.204 19.416 19.123
1;100 x 25.269 25.685 25.698 25.5504 1;100 x 22.951 22.974 23.459 23.128
1;1000 29.958 28.759 28.083 28.631 28.8576 1;1000 26.9853 26.889 26.386 28.933 27.298
1;10000 x 30.956 30.465 30.2 30.5399 1;10000 x 29.454 29.095 29.274
slope -3.038 slope -3.5249
amp eff. 2.1339 amp eff. 1.92175
y-int 34.253 y-int 33.487
PC1 16S 1.9766 PC1 12S 1.807216
PC2 16S 1.99 PC2 12S 1.92446
PC3 16S 1.8573 PC3 12S 1.861058
PC4 16S 2.1339 PC4 12S 1.921746
Average 1.9895 Average 1.87862
SD 0.1132 SD 0.055881
SE 0.0566 SE 0.027941  
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Supplemental Figure 1 – Tukey-Kramer HSD post-hoc test comparing means of each sample at 
each age. P-values show no significant differences can be seen between samples of any age. 
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Supplemental Table 2 – Aged blood analysis serial dilution amplification data. Ct values for 3 
serial dilution trials of 4 technical replicates performed alongside aged samples are listed next to 
each dilution type (Standard = 1:1 dilution). The slope and y-intercept were calculated using ABI 
7500 Real-Time Fast PCR System software, while amplification efficiency (amp. eff.) was 
determined by through the equation amp. eff. = 101/-slope. Perfect amplification efficiency, 
according to ThermoFisher Scientific, has a value of 2. 
 
slope -2.861 slope -3.3402
amp eff. 2.2361 amp % 1.99243
y-int 32.744 y-int 34.9695
Aged 
2 16S Standard 17.446 17.846 17.705 17.946 17.736
Aged 
2 12S Standard 15.88 16.206 16.13 16.1235 16.085
1:10 21.771 22.295 22.298 22.829 22.298 1:10 19.979 20.554 Undetermined21.2404 20.5911
1;100 23.578 23.794 23.856 24.551 23.945 1;100 22.448 22.447 22.564 23.1248 22.6459
1;1000 26.673 26.851 27.632 27.979 27.284 1;1000 25.796 25.903 26.667 26.9949 26.3401
1;10000 30.443 30.548 30.355 30.646 30.498 1;10000 29.931 29.976 29.632 29.8059 29.8361
slope -3.051 slope -3.3251
amp eff. 2.127 amp % 1.99867
y-int 33.505 y-int 33.0752
Aged 
3 16S Standard 19.375 19.676 19.954 19.972 19.744
Aged 
3 12S Standard 15.547 15.734 15.817 15.7728 15.7178
1:10 24.776 25.095 24.93 24.577 24.845 1:10 20.967 21.164 20.985 20.7017 20.9544
1;100 29.309 29.459 29.137 29.03 29.234 1;100 25.482 25.537 24.549 24.3916 24.9899
1;1000 29.287 29.258 29.195 29.376 29.279 1;1000 26.105 26.427 26.426 26.5888 26.3868
1;10000 31.775 31.867 31.655 31.927 31.806 1;10000 28.66 28.949 28.982 29.0479 28.9098
slope -2.856 slope -3.1816
amp eff. 2.2396 amp % 2.06208
y-int 35.549 y-int 32.8495
AA1 16S 2.2361 1.992
AA2 16S 2.127 1.999
AA3 16S 2.2396 2.062
Average 2.2009 2.018
SD 0.064 0.039
SE 0.037 0.022
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Supplemental Table 3 – Ct value and copy numbers (CN) for each aged sample. Copy numbers 
for each target were calculated using the equation copy number=10(y-int – Ct)/slope. Slopes and y-
intercepts are from the linear equation associated with each aged analyses’ serial dilution, which 
were determined using ABI 7500 Fast Real-Time PCR System software. The Ct values used to 
find the slopes and y-intercepts can be found in Supplemental Table 2. Aged Analysis # 
corresponds to the respective “Aged #” cells in Supplemental Table 2 (i.e. Aged Analysis 1 = 
Aged 1 16S/12S).  
Age/Aged 
Analysis # 16S Ct 12S Ct 16S CN 12S CN
16S/12S CN 
ratio
Average 16S/12 CN 
ratio
Stdev 16S/12 CN 
ratio St error
1/1 21.57426 18.7253 8011.355 72983.99 0.109768667 0.577483235 0.700776638 0.350388
1/1 21.64648 18.9769 7559.027 61361.04 0.123189359
1/2 21.43218 18.8584 9057.93 18857.63 0.480332435
1/2 22.77667 22.0583 3283.648 2056.596 1.59664248
2/1 20.74287 18.998 15641.03 60475.74 0.25863316 0.58065634 0.521968169 0.260984
2/1 20.3682 18.778 21145.17 70379.22 0.300446247
2/2 20.7592 19.4265 15052.51 12725.2 1.182889612
2/2 21.56156 23.1525 8215.318 964.039 8.521769897
3/1 22.0746 20.5278 5356.026 21066.07 0.254248894 0.428065935 0.293294358 0.146647
3/1 23.40195 21.0083 1840.545 15125.91 0.121681581
3/2 23.70734 21.589 1626.736 2846.373 0.571511793
3/2 23.82082 22.1335 1493.207 1952.36 0.764821472
4/1 22.37313 17.9817 4212.185 121853 0.034567749 0.133780305 0.123495253 0.061748
4/1 22.36062 18.0552 4254.805 115832.9 0.036732272
4/2 22.6151 19.4291 3709.476 12701.66 0.292046576
4/2 22.06749 18.0659 5607.892 32646.8 0.17177462
4/3 24.0565 21.2453 5.375008 10439.13 0.000514891
4/3 23.9908 21.3469 #DIV/0! 4.486772 #DIV/0!
5/1 22.97851 20.884 2587.815 16479.41 0.157033228 0.682001469 0.698586961 0.349293
5/1 22.71834 20.6098 3190.518 19908.61 0.160258207
5/2 22.92114 21.1741 2944.452 3793.731 0.776136385
5/2 21.85702 21.09 6573.319 4021.416 1.634578057
6/1 22.72995 20.1432 3160.843 27461.6 0.115100474 0.310872031 0.287951041 0.143976
6/1 22.96305 20.1918 2620.225 26556.75 0.098665136
6/2 23.58236 20.5795 1787.645 5726.475 0.312171925
6/2 20.6438 18.5788 16422.21 22886.49 0.717550587
7/1 23.10775 19.4774 2332.2 43455.43 0.053668784 0.379170248 0.100644982 0.041088
7/1 22.88323 19.3694 2794.056 46816.2 0.059681395
7/2 24.74742 20.4795 742.0223 6137.067 0.12090829
7/2 22.98747 19.7215 2800.683 10373.39 0.269987377
7/3 23.5551 19.0934 15839.08 22443.47 0.705732017
7/3 23.35019 19.4338 18684.49 17543.4 1.065043625
8/1 21.2077 17.3719 10760.08 185526 0.057997696 0.851946742 0.078623117 0.032098
8/1 20.62458 17.2175 17203.14 206367.2 0.083361806
8/2 23.84512 19.4986 1466.075 12104.97 0.121113468
8/2 21.41115 17.8089 9202.855 39005.38 0.235938099
8/3 21.16075 18.3423 109180 38651.91 2.824698827
8/3 22.75519 19.4872 30187.78 16878.16 1.788570557
9/1 22.95144 20.877 2644.817 16559.36 0.159717304 0.329539358 0.21974101 0.109871
9/1 23.14488 20.7436 2263.545 18154.39 0.124683069
9/2 23.66296 21.5134 1682.139 2999.456 0.5608147
9/2 23.95823 21.5891 1346.113 2846.253 0.472942361
10/1 23.12012 21.0241 2309.105 14962.66 0.154324438 0.648107812 0.599107736 0.299554
10/1 22.16512 20.521 4979.747 21165.63 0.2352751
10/2 22.86995 21.0626 3060.426 4098.271 0.746760382
10/2 22.52026 21.6458 3984.705 2736.614 1.456071327
11/1 22.82746 22.2532 2922.293 6412.659 0.455706911 1.150356916 0.95176798 0.475884
11/1 23.41098 22.3144 1827.217 6147.54 0.297227331
11/2 23.30324 22.5715 2206.808 1441.489 1.53092285
11/2 23.25169 23.1141 2294.355 989.9829 2.317570571
12/1 24.42493 23.0983 808.0247 3581.261 0.225625727 0.712676842 0.547412831 0.273706
12/1 24.32253 23.1778 877.4309 3390.147 0.258817966
12/2 23.99732 22.8534 1306.982 1185.86 1.102138173
12/2 22.60318 21.532 3743.006 2960.945 1.264125504  
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